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ABSTRACT

Background: There is some evidence that increased maternal in-
take of omega-3 (n-3) long-chain polyunsaturated fatty acids
(LC-PUFAs) during pregnancy may reduce the incidence of immu-
noglobulin E (IgE)-mediated allergic disease.

Objective: We aimed to evaluate prenatal n-3 LC-PUFA dietary
exposure in observational studies and n—3 LC-PUFA supplementa-
tion in randomized controlled trials (RCTs) on outcomes of IgE-
mediated allergic disease.

Design: We conducted searches of the Cochrane Central Register of
Controlled Trials, PubMed, Ovid MEDLINE, EMBASE, CINAHL,
SCOPUS, and Web of Science to 30 July 2015. We included pro-
spective cohort studies that showed an association between maternal
fish or n—3 LC-PUFA intake during pregnancy and RCTs with a pre-
natal intervention to modify maternal n-3 LC-PUFA intake and
outcomes of allergic disease (eczema, rhino-conjunctivitis, asthma)
or sensitization in the offspring.

Results: A total of 13 publications from 10 prospective cohort studies
and 7 publications representing 5 unique RCTs were included. Three
RCTs were combined in a meta-analysis for selected outcomes. Nine of
13 observational study publications and 5 of 7 publications from RCTs
found a protective association between increased prenatal n—3 LC-PUFA
or fish intake and incidence of allergic disease symptoms in the child.
Meta-analysis was limited because of the heterogeneity of the RCTs.
Pooled results showed a significant reduction in the incidence of “atopic
eczema,” “any positive SPT [skin-prick test],” “sensitization to egg,”
and “sensitization to any food” in the first 12 mo of life [RRs (95% Cls):
0.53 (0.35, 0.81), P = 0.004; 0.68 (0.52-0.89), P = 0.006; 0.55 (0.39—
0.76), P = 0.0004; and 0.59 (0.46, 0.76), P < 0.0001, respectively].
Conclusions: Our systematic review and meta-analysis was suggestive
of benefits of increased n—3 LC-PUFAs in the maternal diet and outcomes
of childhood allergic disease. However, due to the inconsistency in results,
the hypothesis linking maternal n—3 LC-PUFA intake to childhood al-
lergic disease cannot unequivocally be confirmed or rejected.
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INTRODUCTION

There is general consensus that the worldwide prevalence of
allergic disease has escalated too rapidly to be attributed to
genetic changes alone. Although the cause may have mixed
etiology, it is widely accepted that the current allergy epidemic is
attributable to a changing environment, including lifestyle factors
and diet. Dietary ratios of n—6 to n—3 PUFAs have changed from
an equal balance of n—6:n—3 (1:1) to almost 30:1 (n—6:n-3) in
some Western cultures (1). These profound changes in the type of
fat consumed parallel the increasing prevalence of atopy and al-
lergic disease (atopic eczema, IgE-mediated rhino-conjunctivitis,
IgE-mediated allergic asthma), posing the hypothesis that this
imbalance may have a causal relation. When consumed, n—3 and
n—-6 PUFAs compete for the same enzymes required for con-
version into their long-chain (LC)” derivatives (LC-PUFAs).
Diets high in n—6 PUFAs due to the increased consumption of
linoleic acid (18:2n—6)-rich vegetable oils and arachidonic acid
(20:4n—6) from meat result in a predominance of proinflam-
matory arachidonic acid in tissues. This leads to biochemical
and physiologic changes consistent with a greater propensity to
an inflammatory allergic response (2). Plausible mechanisms
therefore exist whereby diets high in n-3 LC-PUFAs may
modulate the development of IgE-mediated allergic disease and
regulate immune responses. Data from clinical and animal
studies suggest that dietary n-3 LC-PUFAs in early life may in-
fluence immune system development and immune cell function,
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reducing inflammatory responses (3); however, clinically benefi-
cial effects are more conflicting.

Initiating events of allergic disease occur early in immune
development, with antigen-specific reactivity detected in cord
blood at birth and as early as 23 wk of gestation in the fetus (4).
Hence, it is our hypothesis that there may be a window of op-
portunity to modulate the fetal immune system before it has been
programmed to an allergic phenotype by increased maternal
supply of anti-inflammatory n-3 LC-PUFAs (5).

Published reviews on the effect of n—-3 LC-PUFAs in the
primary prevention of allergic disease have been conducted,;
however, not all are systematic and most do not include ob-
servational studies (5-9).Two reviews pooled results of n-3
LC-PUFA exposure during fetal life, infancy, and childhood,
increasing the variability of results and potentially diluting any
causal effect (5, 7). In the complex field of nutrition and health
outcomes, multiple levels of research evidence should be con-
sidered when establishing causal effects (10). We therefore in-
cluded epidemiologic studies observing n—-3 PUFA/LC-PUFA
dietary exposures and randomized controlled trials (RCTs) with
an n—3 LC-PUFA intervention and subsequent associations or
effects on IgE-mediated allergic disease. By limiting this sys-
tematic review to exposures or interventions that commenced
in the intrapartum period, we aim to develop a clearer under-
standing of the effect to the developing fetus, before com-
mencement of the progression of atopy (“atopic march”) and
establishment of allergic disease symptoms.

METHODS

Our systematic review is reported according to the PRISMA
(Preferred Reporting Items for Systematic Reviews and Meta-
Analyses) guidelines (11). We included all prospective studies,
including longitudinal observational studies and RCTs. Obser-
vational studies were included if they examined an associ-
ation between maternal fish or n-3 LC-PUFA intake during
pregnancy and clinical outcomes of allergic disease or sensitiza-
tion in the offspring. RCTs and quasi-randomized trials that
evaluated an intervention modifying maternal n—3 LC-PUFA intake
during pregnancy with a parallel control group or placebo on the
clinical outcomes of allergic disease (eczema, rhino-conjunctivitis,
asthma) or sensitization in the offspring were eligible for inclusion
in the review. Animal studies, cross-sectional studies, and retro-
spective and case-control studies were excluded. All of the in-
cluded participants were pregnant women, regardless of gestation,
and their offspring. There was no restriction placed on the atopic
predisposition of the women, their offspring, or the age of follow-
up. Included studies were required to report maternal intake of
n-3 LC-PUFAs via dietary intake or supplements during the
pregnancy period. Studies of maternal n—3 LC-PUFA consump-
tion or supplementation in the postnatal period only (breast-
feeding or direct supplementation of the infant) were excluded.

The primary outcome measure of this review was the incidence
of atopic disease (i.e., I[gE-mediated allergic disease) or sensi-
tization in the offspring during infancy, childhood, or adoles-
cence. The presence of IgE-mediated allergic disease is defined
as a clinician diagnosis, parent report of symptoms of allergic
disease, or parent report of a physician’s diagnosis. Sensitization
is defined as a positive skin-prick test (SPT) or IgE serology
indicating sensitization. Studies that reported immune biomarkers
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by laboratory assessment in the absence of evaluation of symp-
toms or clinical diagnosis of allergic disease in the offspring were
excluded.

A comprehensive search for publications was undertaken
using the following databases from inception to 30 July 2015:
Cochrane Central Register of Controlled Trials (CENTRAL issue
6, 2012; http://www.cochranelibrary.com), PubMed (1966 to July
2015; http://www.ncbi.nlm.nih.gov), Ovid MEDLINE (1946 to
July 2015; http://ovidsp.tx.ovid.com), EMBASE (1974 to July
2015; https://www.embase.com), CINAHL (https://www.ebscohost.
com/nursing/products/cinahl-databases/cinahl-complete), SCOPUS
(http://www.scopus.com), and Web of Science (http://login.
webofknowledge.com). Databases were searched for relevant
publications by using a search strategy tailored for each database
on the basis of the following PubMed search terms: (Fatty Acids,
Omega-3[mh:noexp] OR Omega 3 Fatty Acid*[tw] OR n-3
PUFA[tw] OR n-3 Fatty Acid*[tw] OR n-3 Polyunsaturated
Fatty Acid*[tw] OR Docosahexaenoic Acid*[tw]) OR fish[tw]
AND (Pregnancy[mh] OR Pregnan*[tw] OR Perinatal[tw] OR
Prenatal[tw] OR Antenatal[tw] OR maternal[tw] OR Gestation
[tw]) AND (child[mh] OR child*[tw] AND offspring[tw] OR
Infant[mh] OR Infan*[tw] OR Adolescen*[tw] OR Youth*[tw])
AND (Asthma[tw] OR wheez*[tw] OR respiratory*[tw] OR IgE-
Mediated Hypersensitivit*[tw] OR Immediate hypersensitiv¥[tw]
OR Atopic Hypersensitiv¥[tw] OR Atopy[tw] OR Type I Hy-
persensitiv¥[tw] OR Allergic rhinitis[tw] OR Hay fever[tw] OR
Hayfever[tw] OR Atopic Eczema[tw] OR Atopic Dermatitis[tw]
OR Allerg*[tw]).

We supplemented our search by cross-checking the reference
lists of relevant retrieved publications identified by the search and
recent review articles. No date restrictions were imposed, although
results were limited to human studies. The titles and abstracts of all
articles retrieved by the search were reviewed by one author (KPB)
to assess eligibility for inclusion in the review. If there was in-
sufficient information in the abstract to warrant exclusion of an
article, the full text of the article was retrieved to determine eli-
gibility. Any uncertainty with regard to the inclusion of publica-
tions was resolved after discussion with a second reviewer (MM).

Data relating to dietary exposure or interventions, outcomes,
potential effect confounders, and study quality were extracted by
use of a standardized data extraction form. Extracted information
included characteristics of study participants, type of exposure
measure (cohort), maternal exposure to/supplementation of fish
or n—3 LC-PUFAs, timing and length of intervention, and type
and timing of outcome measures. Studies included in this review
varied markedly in terms of the methods, timing, and type of
intervention and timing and type of reported outcome measures.
We therefore reported study results for all observational studies
and a number of RCTs descriptively, including their applica-
bility and limitations. Meta-analysis was considered only for
RCTs with comparable timing of outcome assessment (age of
offspring). Outcomes of allergic disease that met this criterion
include the following: “atopic eczema,” “sensitization to egg,”
“sensitization to any food,” and “any sensitization.” Other out-
comes, including asthma symptoms and rhino-conjunctivitis,
were unable to be combined due to heterogeneity with definition
of outcomes between studies and the young age of follow-up
(2 and 3 y). Preplanned analysis of allergic disease outcomes
were grouped according to the age of the offspring at the time
of outcome assessment. Sensitivity analysis was conducted to
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investigate the influence of a single study on the overall esti-
mate; P < 0.05 was considered to be significant for all tests. All
analyses were performed by using Review Manager Software
5.3 (Copenhagen: The Nordic Cochrane Centre, The Cochrane
Collaboration), and heterogeneity was assessed by comparing
the Cls of the results of individual studies and with the I* sta-
tistic. When there was an absence of significant heterogeneity,
the results were pooled by using a fixed-effects model. When
substantial heterogeneity was detected (I*> > 50%), possible
causes were explored, and a random-effects model was used.
Continuous outcomes are reported as mean differences with
95% Cls.

RESULTS

The search returned a total of 1133 publications. After removal
of duplicates, 543 publications remained. Of these, 478 publi-
cations were excluded because they did not meet the predefined
inclusion criteria. A total of 65 full-text articles were reviewed for
eligibility, resulting in 45 exclusions for reasons listed in Figure
1. Thirteen publications from 10 unique prospective cohort
studies and 7 publications representing 5 unique RCTs were
included in the review. Three trials with comparable timing of
outcome assessments for “any sensitization,” “sensitization to
egg,” and “sensitization to any food” and 2 trials with atopic
eczema outcomes at 12 mo were combined in the meta-analysis.
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Participants

All of the studies were conducted in industrialized countries.
Seven of the observational studies enrolled healthy pregnant
women presenting at antenatal or obstetric care clinics between 5
and 39 wk of gestation, irrespective of atopy status (12—18). One
study from The Netherlands selectively enrolled participants
depending on their nationality (19) and another restricted en-
rollment to Danish-speaking participants (20). Two remaining
studies enrolled full-term infants, collecting maternal diet in-
formation retrospectively (21-24). One of these studies (with 3
publications included in this review) was a nested nutrition
follow-up of the Diabetes Prediction and Prevention (DIPP)
study in Finland (22-24). Mothers were enrolled after birth and
confirmation that their child was at risk of developing diabetes
by the presence of human leukocyte antigen in cord blood.
Characteristics and results of observational studies are presented
in Table 1.

All of the included RCTs recruited women during the antenatal
period from clinical care settings. Four of the 5 RCTs enrolled
women who were at risk of delivering a fetus with atopic disease
(i.e., first-degree relative with history of allergic disease) (25-29);
however, only one of these trials confirmed atopy in the mother
by SPT before enrollment (30). The remaining trial included
women attending their routine 30-wk midwife clinic visit, re-
gardless of atopy status (31). Characteristics and results of RCTs
are presented in Table 2.

Records identified through
database searching
n=1130

Additional records identified
through other sources

n=3

l

v

Records after duplicates
removed
Titles and abstracts screened
n=543

Records excluded

n=478

eligibility
n=65

Full-text articles assessed for

Full-text articles excluded n=45
Not RCT or prospective cohort n=5
Not during pregnancy n=22

L
L

Not n-3 LCPUFA n=6
Not assessing dietary intake n=8
No allergy outcomes n=4

Observational Studies
included in qualitative

RCTs included in qualitative

synthesis S_yﬂthesm
n=13 reports n=7 reports
from 5 unique RCTs

from 10 unique studies

RCTs included in

meta-analysis
n=3

FIGURE 1 PRISMA (Preferred Reporting Items for Systematic Reviews a

nd Meta-Analyses) flow diagram depicting the literature search and progress of

observational studies and RCTs identified and included in the systematic review and meta-analysis. LC-PUFA, long-chain PUFA; RCT, randomized controlled trial.
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Exposure/intervention

Observation of maternal dietary n—3 PUFA intake during preg-
nancy in cohort studies was ascertained by the use of diet history
questionnaires (DHQs) or food-frequency questionnaires (FFQs).
FFQs were either self- or interviewer-administered by phone or
face-to-face. The timing of administration of the questionnaire
varied between the first (19), second (17), and third (13, 15, 17,
20, 22-24) trimesters or ad hoc time points throughout preg-
nancy relative to study enrollment (16, 18). All of the studies
required the women to complete the FFQ retrospectively from
3d (21) to 3 mo (12, 14, 19) postpartum. The intensity of ques-
tioning in FFQs varied from 35 to 360 items, and total dietary
fish exposure varied between 83 g/wk and 46 g/d (Table 1).

The intervention in 4 of 5 RCTs consisted of fish-oil capsules.
Capsules varied in composition and dose of n-3 LC-PUFAs,
ranging from 900 to 3700 mg of total n-3 LC-PUFAs/d (26,
29-31). One RCT supplied women with 2 X 150-mg portions
of farmed salmon to consume twice per week, equivalent to
3450 mg n-3 LC-PUFAs/wk (the control group continued
their habitual low-fish diet) (27). Placebos used in the double-
blind RCTs consisted of olive oil (30, 31), soy oil (25, 26), or
vegetable oil (28, 29) that did not contain n-3 LC-PUFAs.
One study had 2 control groups (olive oil and “no oil”) (31).
The timing of the intervention commenced between 20 and
30 wk of gestation and ceased at delivery of the infant in 4 of
the included unique RCTs (27, 29-31). One RCT continued
supplementation of mothers for 3.5 mo into the postpartum
period (25, 26).

Clinical outcomes

The clinical indication of allergic disease in the offspring in
observational studies and RCTs was diverse. Study outcomes
reported included the following: symptoms of wheeze, eczema,

TABLE 3
Summary of risk of bias assessment of included observational studies’

BEST ET AL.

and rhinitis by parent report with the use of the International
Study of Asthma and Allergy in Childhood (ISAAC) question-
naire (validated for use in 6- to 7-y-old children) (13, 15, 16, 18,
19, 22, 23); nonvalidated health questionnaire (21); parent report
of physician diagnosis of asthma or eczema (12, 14, 20); asthma
medication data from a social insurance database (22) or patient
registry (31); and clinical examination by nurse or physician
(17, 25-30). Five of the included observational studies and 4 of
the RCTs assessed atopy outcomes with the use of either total
and specific serum IgE analysis (24, 32), SPT (13, 14, 25, 26,
28-30), or a combination of both outcomes (12, 27). Individual
or multiple outcomes were reported as cumulative incidences or
point prevalences (Tables 1 and 2). The ages of the offspring at
assessment of study outcomes varied between 6 mo and 8 y in
observational studies (Table 1) and between 6 mo and 3 y in
RCTs (Table 2), with the exception of one registry linkage trial
that reported history of asthma diagnosis at 16 y (31).

Quality of observational studies

All of the included observational studies were assessed for
methodologic quality by using the Newcastle-Ottawa Scale (33).
It includes a “star system” (*) in which a study is judged on 3
domains: representativeness of study group selection (4 items),
comparability of groups (2 items), and ascertainment of either
the exposure or outcome (3 items) (see Table 3). Some level of
bias was evident in all of the cohort studies, predominantly with
regard to the ascertainment of maternal exposure to n—3 LC-
PUFAs and/or assessment of allergic diseases outcomes. FFQs
and DHQs are applicable to large cohorts and provide in-
formation on a wide range of foods. However, there are many
limitations of these instruments, including dietary misreporting,
which leads to dietary misclassification of intake and/or portion
sizes. The detection of modest nutrient associations when using

Quality indicators from Newcastle-Ottawa Scale (34)

Selection Comparability Outcome
Demonstration ~ Comparability of
Selection that outcome cohorts on the Was follow-up
Representativeness of the of interest basis of the long enough Adequacy
of the exposed  nonexposed Ascertainment was not present design or Assessment  for outcomes  of follow-up
Study cohort cohort of exposure  at start of study analysis of outcome to occur? of cohorts
Maslova (20) * * * * * *
Miyake (18) * * * * *
Leermakers (19) * * * * *
Nwaru (23) * * * *
Lumia (22) ® * * * ®
Nwaru (24) ® * * *
Jedrychowski (17) * * * * * * *
Miyake (16) * * * * *
Willers (15) * * * * *
Romieu (12) ® * ® ® ® ® ® *
Willers (13) * * * * * * *
® * ® ® ® ® *

Sausenthaler (21)

e

'Each study is judged on three domains receiving a

to signify quality of each item within representativeness of study group selection (4 items);

comparability of groups (2 items); and ascertainment of either the exposure or outcome (3 items).
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an FFQ for dietary assessment is unlikely (34, 35). This is es-
pecially true for reliable estimates of absolute amounts of di-
etary fats (36, 37). A number of studies did not capture fish type
(e.g., “fatty fish”) (Table 1), which may be problematic because
there is significant variation in the amount of n-3 LC-PUFA
intake depending on the type of fish consumed. Dietary intake
over the preceding period of 4 wk to 3 mo was documented
retrospectively and may be subject to recall bias. With the ex-
ception of 2 studies (17, 20), maternal diet was assessed only
once (between 12 and 40 wk of gestation), which may not be
indicative of diet throughout the whole of pregnancy, as shown
by one of the Japanese studies (18). These authors conducted
dietary assessment at “any time” between the 5th and 39th week
of pregnancy and reported that 30% of respondents had sub-
stantial changes in their diet in the previous month.

Substantial geographic variation existed between cohort studies
in relation to total fish intake, fish subgroups, and the number of
types of fish consumed (38). Decreased variability between cat-
egories of fish or n—3 PUFA intake was evident in 4 included
studies from the Netherlands (15, 19, 23, 24), a country where
there is generally low fish consumption. In one study, of the 2760
included women, just 7% consumed fish >1.5 times/wk (30 g/d)
and only one woman ate fish daily (15). In contrast, the mean fish
intake in 2 Japanese studies was 48 g/d, with low variability
between fish-intake quartiles due to the generalized high fish
consumption. The presence of allergic disease symptoms in the
offspring were self-reported in the majority of studies that used
the ISAAC questionnaire (or a “modified” version). The ISAAC
is a standardized questionnaire and has been validated in children
aged 6-7 and 13-14 y old; however, most children in the in-
cluded cohort studies were younger (15-19, 21-24). The ability
to differentiate IgE-mediated allergic disease was diminished
because only 4 of the 13 publications assessed atopy in the
child (SPT or serum IgE) (12-14, 24). Attrition bias was pos-
sible in a number of studies with follow-up rates <80% (13, 15,
16, 18-20, 22-24). When comparing population characteristics
of participants and nonparticipants, participants tended to dis-
play healthier lifestyle habits, higher maternal and paternal
educational levels, and higher income levels (18, 20). One study
with 3 publications included only infants at risk of developing
diabetes by the presence of human leukocyte antigen in cord
blood (DIPP study). Children with type 1 diabetes have been
reported to have a reduced incidence of asthma and allergic
diseases compared with the general population; therefore, this
genetic susceptibility may further decrease the generalizability
of this study’s findings.

11 of 16

Quality of RCTs

Two review authors (KPB and MM) assessed the risk of bias
for each trial using the criteria outlined in the Cochrane Hand-
book for Systematic Reviews of Interventions (39). A summary
of the risk of bias associated with each RCT is shown in Table 4.
Two trials lacked sufficient clarity when reporting concealment
of the allocation sequence (25-27) and were therefore assessed
as having an unclear risk of bias. Blinding of participants was
endeavored by image-matching capsules in 4 double-blind RCTs
(25, 26, 28-31). One of these trials included a “no supplement”
group, which may have resulted in unblinding of participants
and personnel (31). All of the trials that used fish-oil capsules
reported side effects of “fishy burps,” potentially risking un-
blinding of participants; however, objective outcome assess-
ment, such as SPT, reduced the risk of performance bias. One
single-blind trial that supplied salmon portions to women in the
intervention group and no salmon in the control group was as-
sessed as having a high risk of bias because the participants
could not be blinded (27). This trial also had a high attrition rate,
with only 62% of the control group attending the 6-mo follow-
up, which is well below the minimum follow-up considered
acceptable for minimizing attrition bias (=80%) (27). The risk
of bias from incomplete outcome data reporting was high in 2
other trials (26, 30). One trial had significantly higher attrition in
the treatment group (15%) than in the control group (2%) due to
side effects perceived to be associated with the study product
(30). Another excluded 25 mothers (17%) from the analysis
because they did not complete supplementation for the requested
period (26). Such postrandomization exclusions and attrition can
contribute to systematic loss to follow-up and increase the risk
of bias in already small and underpowered samples. Other bias
was unclear in one registry linkage study due to a lack of clarity
with regard to reporting of standardization of outcome assess-
ments (31). Data were ascertained by searching the Danish
National Patient Registry, a mandatory national hospital dis-
charge register for asthma and allergic disease-related coding.
Although the long-term follow-up rate for this study is out-
standing, the overall rate of diagnosed asthma is much lower
than reported in other studies. It is unknown how the diagnosis
of asthma was made and likely that there was an under-
representation of milder cases treated outside of the Danish
hospital system. Of the 5 included RCTs, 4 studies used SPT
as an outcome measure to determine atopy status of the offspring
(26, 27, 29, 30); however, definitions of sensitization were in-
consistent. Two studies used the standard clinical definition of
wheal size =3 mm as the diagnosis of sensitization (27, 29).

TABLE 4
Summary of risk of bias assessment for included RCTs'

Random-sequence Allocation Blinding of Blinding of Incomplete Selective Other
First author (ref) generation concealment participants/personnel outcome assessment outcome data reporting bias
Dunstan (30) L L L L H L U
Olsen (31) L L H U L L U
Furuhjelm (26) L L L L L H L
Furuhjelm (25) Follow-up of (26) L L H L
Noakes (27) L H H L H L H
Palmer (29) L L L L L L L
Palmer (28) Follow-up of (29) L L L L

'H, high risk of bias; L, low risk of bias; RCT, randomized controlled trial; ref, reference; U, unclear risk of bias.
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n-3 LCPUFA Control Risk Ratio Risk Ratio

Study or Subgroup Events Total Events Total Weight M-H, Fixed, 95% CI M-H, Fixed, 95% CI
Dunstan 2003 (30) 18 40 13 43 Not estimable
Furuhjelm 2009 (26) 4 52 16 63 26.2% 0.30[0.11, 0.85] - &
Palmer 2012 (29) 26 368 39 338 73.8%  0.61[0.38 098] -
Total (95% CI) 420 401 100.0% 0.53 [0.35, 0.81] . 2
Total events 30 55

Hirs 2 = - - 12 = 970, I } t i
Heterogeneity: Chi? = 1.48, df =1 (P = 0.22); I = 33% 0.01 01 1 10 100

Test for overall effect: Z = 2.90 (P = 0.004)

Favors n-3 LCPUFA Favors control

FIGURE 2 Forest plot of randomized controlled trials comparing maternal n—3 LC-PUFA supplementation during pregnancy with placebo on atopic
eczema (eczema with positive skin prick test) in the offspring in the first 12 mo of life. In this fixed-effects model, squares represent RRs and error bars
represent 95% Cls. The diamond represents the overall effect estimate. There was no significant heterogeneity between studies. The randomized controlled
trial by Dunstan et al. (30) was omitted from this forest plot because confirmation of atopy (positive skin prick test) for eczema outcomes was not reported.

LC-PUFA, long-chain PUFA; M-H, Mantel-Haenszel.

Another 2 studies that conducted 6- and 12-mo follow-ups of
infants included results of =2-mm wheal size in the analysis of
sensitization (26, 30). The rationale for this criterion as opposed
to the standard clinical definition was not reported. There is
evidence that SPT reactions in the very young (<12 mo) are
often diminished, which makes interpretation difficult (40).

Results of observational studies

Table 1 summarizes all of the identified studies that investigated
the association between maternal n—3 LC-PUFA or fish intake and
allergic disease outcomes in the offspring. Eight of the 13 in-
cluded studies found a protective association between increased
n—3 LC-PUFA or fish intake in the prenatal diet and incidence of
one or more allergic disease symptoms in the child (12-14, 17,
18, 20-22). One of these studies assessed maternal diet by phone
interview in addition to self-completed FFQ; however, a signifi-
cant association of increased fish intake on asthma outcomes was
only evident from phone interview data (20). Four studies showed
no association between maternal n—3 LC-PUFA or fish intake and
allergic disease outcomes (15, 16, 23, 24). One study reported an
adverse association in one category of fish intake (19).

Eczema

The incidence of eczema was reported in 8 studies, with 4 of
these showing that higher fish/n-3 LC-PUFA exposure was as-
sociated with a reduction in the risk of eczema in the offspring
of between 27% and 43%. Fish intake of >205 g/wk (17) and
fish intake 2.5 times/wk compared with no intake (12) were
protective against the risk of eczema at 12 mo. High compared

with low fish intake was inversely associated with parent re-
ported, doctor diagnosed eczema at 24 mo in one study (21) and
fish intake of =1 time/wk compared with never was associated
with a decreased risk of doctor-confirmed eczema and currently
treated eczema (13). Two separate studies from Japan found no
association between increased maternal fish intake and eczema
(16, 18), and one of the publications from the DIPP study found
no association between increased total n—-3 PUFAs, DHA, or
EPA with eczema (16, 18, 23). One study from the Netherlands
reported that the midcategory of intake (35-69 g/wk) was as-
sociated with the highest eczema rate, whereas the lower and
higher categories of fish intake (1-34 and >70 g/wk) showed no
association with overall risk of eczema (19).

Rhino-conjunctivitis

Three studies assessed symptoms of rhino-conjunctivitis (13, 20,
23). One study concluded that maternal fish intake once or more per
week compared with never was protective for “doctor-confirmed
hay fever” at 5y (13). Two studies found no significant association
between no maternal fish intake compared with high-frequency
intake and rhino-conjunctivitis (20) or between increased total n—3
PUFAs, DHA, or EPA and rhino-conjunctivitis (23).

Asthma/wheeze

Nine studies assessed the incidence of asthma or symptoms of
wheeze. Low maternal fish consumption was inversely related to
parent report of physician diagnosis of asthma and wheezing
symptoms at 18 mo and 7 y (20), atopic wheeze (12), and
persistent wheeze at 6.5 y (14). Two studies reported a protective
association of an increased total maternal n—3 LC-PUFA (but not

n-3 LCPUFA Control Risk Ratio Risk Ratio
Study or Subgroup  Events Total Events Total Weight M-H, Fixed, 95% CI M-H, Fixed, 95% CI
Furuhjelm 2009 (26) 11 54 21 65 16.6% 0.63[0.33, 1.19]
Palmer 2012 (29) 89 368 92 338 834% 0.89[0.69, 1.14]
Total (95% CI) 422 403 100.0% 0.85 [0.67, 1.07]
Total events 100 113

Heterogeneity: Chi?2=0.97,df =1 (P =0.32); I’ = 0%
Test for overall effect: Z = 1.41 (P = 0.16)

0.01

100

0.1 1 10
Favors n-3 LCPUFA Favors Control

FIGURE 3 Forest plot of randomized controlled trials comparing maternal n—3 LC-PUFA supplementation during pregnancy with placebo on any eczema
(eczema with or without a positive skin prick test) in the offspring in the first 12 mo of life. In this fixed-effects model, squares represent RRs and error bars
represent 95% Cls. The diamond represents the overall effect estimate. There was no heterogeneity between studies. LC-PUFA, long-chain PUFA; M-H,

Mantel-Haenszel.
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Experimental Control Risk Ratio Risk Ratio

Study or Subgroup  Events  Total Events Total Weight M-H, Fixed, 95% CI M-H, Fixed, 95% CI
Furuhjelm 2011 (24) 1 54 2 65 8.0% 0.60 [0.06, 6.46] —
Palmer 2013 (27) 18 368 20 338 92.0% 0.83 [0.44, 1.54]
Total (95% CI) 422 403 100.0% 0.81 [0.44, 1.47]
Total events 19 22

Eriae - = = .12 =09 I t T t |
Heterogeneity: Chi* = 0.06, df = 1 (P = 0.80); I = 0% 0.01 01 1 10 100

Test for overall effect: Z=0.70 (P = 0.49)

Favors n-3 LCPUFA Favors Control

FIGURE 4 Forest plot of randomized controlled trials comparing maternal n—3 LC-PUFA supplementation during pregnancy with placebo on cumulative
incidence of IgE-mediated rhino-conjunctivitis (rhino-conjunctivitis with a positive skin prick test) in the offspring within the first 3 y of life. In this fixed-
effects model, squares represent RRs and error bars represent 95% Cls. The diamond represents the overall effect estimate. There was no heterogeneity

between studies. LC-PUFA, long-chain PUFA; M-H, Mantel-Haenszel.

fish) intake on wheeze at 24 mo (18) and asthma at 5 y (22). One
Japanese study showed that high maternal n—3 PUFA intake (via
a-linoleic acid, 18:3n—3) was associated with a reduced risk of
wheeze (16). The 3 remaining studies (2 from the Netherlands)
found no significant association between increased fish or n-3
LC-PUFA consumption and wheeze (23), risk of asthma (22), or
asthma symptoms (13).

Sensitization

Three studies reported the association of fish or n-3 PUFA
intake on total and specific IgE at 2y (21), 4y (12), and 5 y (24),
all showing no significant association. One of these studies
conducted further follow-up at 6.5 y of age with SPT and re-
ported that fish intake of =2.5 times/wk was protective against
sensitization to house dust mite (12). One study that performed
an SPT at 5 y of age found no significant association between
maternal fish intake and atopic sensitization (13).

Results of RCTs

Table 2 summarizes all of the identified RCTs that investigated
the effect of prenatal n-3 LC-PUFA supplementation (or sup-
plied fish portions) on allergic disease outcomes in the offspring.
Of the 7 publications (from 5 unique RCTs), 5 found a pro-
tective effect on =1 clinical outcomes of allergic disease or
sensitization at =1 assessment time points.

Eczema

The incidence of IgE-mediated eczema between children born
to mothers supplemented with n—3 LC-PUFAs during pregnancy
and control groups was assessed between 0 and 3 y in 4 RCTs

and reported in 6 of the included publications (25-30). One trial
that conducted follow-up of children over a 2-y period found a
significant reduction in the cumulative incidence of atopic ec-
zema at 12 and 24 mo (25, 26). Another study reported a non-
significant protective effect of the intervention at 12 mo, with no
effect when reassessed at 3 y (28, 29).

The 2 remaining studies found no effect of n—3 LC-PUFA
supplementation on eczema (27, 30), although one did report
a significant reduction in severity of disease (30). Results from
RCTs that reported outcomes of “atopic eczema” (eczema
symptoms and positive SPT) at 12 mo of age were combined in
a meta-analysis showing a significant reduction in the incidence
of atopic eczema (RR: 0.53; 95% CI: 0.35, 0.81; P = 0.004)
(Figure 2). Both of these trials also reported outcomes of in-
cidence of “any” eczema (eczema symptoms with or without
positive SPT) at 12 mo, showing no significant effect of the in-
tervention (RR: 0.85; 95% CI: 0.67, 1.07; P = 0.16) (Figure 3).

Rhino-conjunctivitis

There was no difference between the groups in the cumulative
incidence of “any rhino-conjunctivitis” or “IgE-mediated rhino-
conjunctivitis” in the 2 studies that reported this outcome at
0-24 mo (25) and 0-3 y (29) (RR: 0.81; 95% CI: 0.44, 1.47,
P = 0.49) (Figure 4).

Asthma

Asthma and/or symptoms of asthma were assessed in 5 of the 7
included publications at different ages and with a variety of out-
come measures, which prevented meaningful meta-analysis. There
were no differences in asthma or wheeze with or without sensi-
tization at 6 mo (27), 12 mo (30), 24 mo, 0-24 mo (25), or 3 y (28).

n-3 LCPUFA Control Risk Ratio Risk Ratio

Study or Subgroup  Events Total Events Total Weight M-H, Fixed, 95% CI M-H, Fixed, 95% ClI
Dunstan 2003 (30) 9 35 14 37 131% 0.68 [0.34, 1.37] — &=
Furuhjelm 2009 (26) 10 52 22 61 19.5% 0.53[0.28, 1.02] -
Palmer 2012 (29) 53 368 67 338 67.4% 0.73[0.52, 1.01] . |
Total (95% Cl) 455 436 100.0% 0.68 [0.52, 0.89] &
Total events 72 103

e Chiz = - = - 12 = Qo t t y i
Heterogeneity: Chi# = 0.69, df =2 (P = 0.71); I = 0% 0.01 01 1 10 100

Test for overall effect: Z = 2.77 (P = 0.006)

Favors n-3 LCPUFA Favors Control

FIGURE 5 Forest plot of randomized controlled trials comparing maternal n—-3 LC-PUFA supplementation during pregnancy with placebo on the
incidence of a positive skin prick test result to any allergen extracts tested in the offspring within the first 12 mo of life. In this fixed-effects model, squares
represent RRs and error bars represent 95% Cls. The diamond represents the overall effect estimate. There was no heterogeneity between studies. LC-PUFA,

long-chain PUFA; M-H, Mantel-Haenszel.
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n-3 LCPUFA Control Risk Ratio Risk Ratio

Study or Subgroup  Events Total Events Total Weight M-H, Fixed, 95% CI M-H, Fixed, 95% CI
Dunstan 2003 (30) 6 35 14 37 16.2% 0.45[0.20, 1.05] -
Furuhjelm 2009 (26) 6 52 18 63 19.4% 0.40[0.17, 0.94] —
Palmer 2012 (29) 34 368 52 338 64.5% 0.60 [0.40, 0.90] -
Total (95% Cl) 455 438 100.0% 0.54 [0.39, 0.75] P
Total events 46 84

ity: 2= = = - 12 = Q9 } t + {
Heterogeneity: Chi* = 0.88, df =2 (P = 0.64); I = 0% 0.01 01 1 10 100

Test for overall effect: Z = 3.62 (P = 0.0003)

Favors n-3 LCPUFA Favors Control

FIGURE 6 Forest plot of randomized controlled trials comparing maternal n—3 LC-PUFA supplementation during pregnancy with placebo on the incidence
of a positive skin prick test to hen’s egg in the offspring in the first 12 mo of life. In this fixed-effects model, squares represent RRs and error bars represent 95%
CIs. The diamond represents the overall effect estimate. There was no heterogeneity between studies. LC-PUFA, long-chain PUFA; M-H, Mantel-Haenszel.

One registry-based follow-up RCT included asthma diagnosis as
an outcome and reported a significant reduction in “any asthma”
and “allergic asthma” at 16 y of age in the fish-oil-supplemented
group compared with the “olive oil” control group. However,
a significant positive effect on “any asthma” and “allergic asthma”
was also evident in the second “no oil” control group (31).

Sensitization

Sensitization to common allergens was assessed by SPT at
6 mo (27), 12 mo (26, 27, 29, 30), 24 mo (25), and 3 y (28). Three
RCTs with sensitization outcomes at 12 mo of age were com-
bined in meta-analysis and showed a significant protective effect
of the intervention on the period prevalence of “any positive
SPT” (RR: 0.68; 95% CI: 0.52, 0.89; P = 0.006) (Figure 5). The
trial with the salmon portion—based intervention also measured
total IgE at birth and 6 mo of age, with no difference between
the groups (27). A meta-analysis of sensitization to individual
allergen extracts showed a significant reduction in “sensitization
to egg” at 0-12 mo (RR: 0.55; 95% CI: 0.39, 0.76; P = 0.0004)
(Figure 6) and “sensitization to any food” at 12 mo (RR: 0.59;
95% CI: 0.46, 0.76; P < 0.0001) (Figure 7).

DISCUSSION

Our systematic review and meta-analysis shows that increased
prenatal intakes of n—3 LC-PUFAs in observational studies and
RCTs are suggestive of benefits. However, due to the inconsis-
tency of results, the hypothesis linking increased maternal n—3
LC-PUFA intake to a protective association or effect on child-
hood allergic disease cannot unequivocally be confirmed or
rejected. Despite the challenges of capturing and comparing

outcomes of a dynamic disease, some of the consistency ob-
served across the study designs used is noteworthy (41). It is
widely acknowledged that causal inferences based on results
from studies of nutritional epidemiology that have been con-
firmed by results from RCTs represent more persuasive evidence
than those elucidated from observational data alone (10). Ob-
servational studies showed a trend toward a protective associa-
tion of increased maternal n—3 LC-PUFAs on the incidence of
eczema and wheeze or asthma. Similar results were evident in
RCTs for eczema but not for wheeze or asthma, perhaps due to
the age of the child when outcome assessments were conducted
(1-3 y). The most significant and consistent outcome in RCTs
was a reduction in the incidence of sensitization (positive SPT)
in the n-3 LC-PUFA group. Although the presence of an IgE-
mediated reaction to a food or inhalant allergen generally confirms
that an individual is “atopic,” the relation between sensitization
and symptoms of allergic disease is known to be complex and
dynamic. This finding may have some correlation to the re-
duction in respiratory disease evident in observational studies
in school-aged children. It is well documented that early sen-
sitization to food allergens (especially egg) is shown to be a
valuable predictor of subsequent sensitization to aero-allergens
and allergic respiratory diseases (42—45).

Heterogeneity between study designs may, in part, be explained
by the limited number of well-powered high-quality RCTs with
long-term follow-up and consistent age-appropriate outcomes.
Whereas epidemiologic studies have the potential to assess long-
term health effects of nutrient intake, the possibility for residual
confounding cannot be discounted, particularly when assessing
single-nutrient exposure (35). The protective associations seen in
the offspring of women with increased intakes of n-3 LC-PUFAs

n-3 LCPUFA Control Risk Ratio Risk Ratio
Study or Subgroup Events Total Events Total Weight M-H, Fixed, 95% CI M-H, Fixed, 95% CI
Dunstan 2003 (30) 10 35 25 37 19.7% 0.42[0.24, 0.75] -
Furuhjelm 2009 (26) 8 54 21 65 154% 0.46 [0.22, 0.95] ]
Palmer 2012 (29) 55 368 77 338 64.9% 0.66 [0.48, 0.90] : 3
Total (95% CI) 457 440 100.0%  0.58 [0.45, 0.75] 2
Total events 73 123
Heterogeneity: Chi2 = 2.18, df = 2 (P = 0.34); 12 = 8% }0 o1 0%1 ] 1*0 100’

Test for overall effect: Z = 4.16 (P < 0.0001)

Favors n-3 LCPUFA Favors Control

FIGURE 7 Forest plot of randomized controlled trials comparing maternal n—-3 LC-PUFA supplementation during pregnancy with placebo on the
incidence of a positive skin prick test to any food extract in the offspring in the first 12 mo of life. In this fixed-effects model, squares represent RRs and
error bars represent 95% Cls. The diamond represents the overall effect estimate. There was no heterogeneity between studies. LC-PUFA, long-chain PUFA;

M-H, Mantel-Haenszel.
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during pregnancy may not be due to this exposure, but rather
serve as a proxy indicator for a number of other maternal char-
acteristics that are associated with the healthy development of
their offspring (46). These confounding factors are difficult to
fully accommodate in data analysis, even when acknowledged. In
addition, dietary intake in epidemiologic studies is notoriously
difficult to measure and often results in variations in findings (47).
Flaws in standard tools for dietary assessment (FFQ or DHQ) are
well documented and cannot be ignored (35, 37, 47, 48). This
issue was emphasized in the large Danish birth cohort (n =
28,936) that observed an association between fish intake and
asthma diagnosis (20). Self-completed FFQ data showed a null
association between fish intake and asthma diagnosis at 18 mo
and 7 y; however, analysis of fish-intake data collected by tele-
phone interview showed a significant inverse relation (20).

The main strength of our integrated systematic review, which
included both prospective observational studies and RCTs, lies in
the detailed search strategy, rigorous and transparent methods,
and the qualitative and quantitative synthesis of differing meth-
odologies. However, the risk of publication bias cannot be
excluded because only published studies were included in meta-
analysis. Using well-established processes for conducting sys-
tematic reviews (49) we determined that observational studies
and many RCTs had methodologic weaknesses, making it dif-
ficult to draw any strong inferences from this review. There have
been numerous studies that investigated maternal dietary n-3 LC-
PUFA status on the regulation of the fetal immune response (50—
54). These studies reported plausible biological mechanisms that
may modulate the development of allergic disease in infants
with a genetic risk. However, as is evident in this and other
reviews of increased maternal supply of n—3 LC-PUFAs and
outcomes of allergy (5-9, 55-57), results are promising but in-
consistent. Continued supplementation of breastfeeding mothers
during the early postpartum period to compensate for the natural
decline in maternal plasma n—3 LC-PUFAs may provide addi-
tional benefit to the development and maturation of the infant
immune system and is worthy of further investigation (58).
Further evidence from well-powered, high-quality trials of com-
parable methodology and standardized, objective outcome as-
sessments are essential to investigate the optimal dose and
tolerability and to conclusively establish benefits. Due to the
dynamic nature of allergic disease, RCTs should continue follow-
up of children throughout childhood, at least until school age to
investigate if the significant protective effects of maternal n—3
LC-PUFA supplementation seen on eczema and sensitization in
early life will affect the progression of the atopic march.

It is generally agreed that the increasing number of people
affected by allergic disease is a consequence of our 21st-century
lifestyle. Almost certainly this increase is attributable to genetic
and environmental factors, including, but not limited to, diet. Diet
is easily modifiable; perhaps this simple, low-cost approach of
increasing n—3 LC-PUFA intake during pregnancy may offer the
best opportunity for a primary prevention strategy, decreasing
the burden of allergic disease for future generations.
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conceived the systematic review; KPB: conducted searches, assessed inclusion,
extracted data, assessed validity, performed meta-analyses, and wrote the
manuscript; and all authors: critically reviewed the manuscript for content
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15 of 16

trial of marine oil supplementation in the perinatal period; she has no finan-
cial interests in the production or sales of nutritional supplements or infant
formula but has provided scientific advice to the nutritional supplement and
formula industry. MM serves on the scientific advisory for Nestlé, Nutricia,
and Fonterra. Associated honoraria for MM are paid to her institution
to support conference travel and continuing education for postgraduate
students and early-career researchers. None of the other authors de-
clared a conflict of interest. There was no input from the funding bodies
in any aspect of design, implementation, analysis, or interpretation of
the data.

REFERENCES

1. Simopoulos AP. Fatty acis omega-3 polyunsaturated. In: Benjamin C,
editor. Encyclopedia of human nutrition. 2nd ed. Oxford (United King-
dom): Elsevier, 2005:205-19.

2. Calder PC, Kremmyda LS, Vlachava M, Noakes PS, Miles EA. Is there
a role for fatty acids in early life programming of the immune system?
Proc Nutr Soc 2010;69:373-80.

3. Calder PC, Krauss-Etschmann S, de Jong EC, Dupont C, Frick JS,
Frokiaer H, Heinrich J, Garn H, Koletzko S, Lack G, et al. Early nu-
trition and immunity—progress and perspectives. Br J Nutr 2006;96:
774-90.

4. Holt PG, Jones CA. The development of the immune system during
pregnancy and early life. Allergy 2000;55:688-97.

5. Anandan C, Nurmatov U, Sheikh A. Omega 3 and 6 oils for primary
prevention of allergic disease: systematic review and meta-analysis.
Allergy 2009;64:840-8.

6. Ciaccio CE. Effect of maternal n-3 fatty acid supplementation on infant
allergy. Ann Allergy Asthma Immunol 2014;112:191-4.

7. Klemens CM, Berman DR, Mozurkewich EL. The effect of perinatal
omega-3 fatty acid supplementation on inflammatory markers and al-
lergic diseases: a systematic review. BJOG 2011;118:916-25.

8. Kremmyda L-S, Vlachava M, Noakes PS, Diaper ND, Miles EA,
Calder PC. Atopy risk in infants and children in relation to early ex-
posure to fish, oily fish, or long-chain omega-3 fatty acids: a systematic
review. Clin Rev Allergy Immunol 2011;41:36-66.

9. Yang H, Xun P, He K. Fish and fish oil intake in relation to risk of
asthma: a systematic review and meta-analysis. PLoS One 2013;8(11):
e80048.

10. Gerber M. Fiber and breast cancer: another piece of the puzzle—but
still an incomplete picture. J Natl Cancer Inst 1996;88:857-8.

11. Liberati A, Altman DG, Tetzlaff J, Mulrow C, Ggtzsche PC, Ioannidis
JPA, Clarke M, Devereaux PJ, Kleijnen J, Moher D. The PRISMA
Statement for Reporting Systematic Reviews and Meta-Analyses of
studies that evaluate health care interventions: explanation and elabo-
ration. PLoS Med 2009;6:¢1000100.

12. Romieu I, Torrent M, Garcia-Esteban R, Ferrer C, Ribas-Fito N, Anto
JM, Sunyer J. Maternal fish intake during pregnancy and atopy and
asthma in infancy. Clin Exp Allergy 2007;37(4):518-25.

13. Willers SM, Devereux G, Craig LC, McNeill G, Wijga AH, Abou El-
Magd W, Turner SW, Helms PJ, Seaton A. Maternal food consumption
during pregnancy and asthma, respiratory and atopic symptoms in 5-
year-old children. Thorax 2007;62:773-9.

14. Chatzi L, Torrent M, Romieu I, Garcia-Esteban R, Ferrer C, Vioque J,
Kogevinas M, Sunyer J. Mediterranean diet in pregnancy is protective
for wheeze and atopy in childhood. Thorax 2008;63:507-13.

15. Willers SM, Wijga AH, Brunekreef B, Kerkhof M, Gerritsen J,
Hoekstra MO, de Jongste JC, Smit HA. Maternal food consumption
during pregnancy and the longitudinal development of childhood
asthma. Am J Respir Crit Care Med 2008;178:124-31.

16. Miyake Y, Sasaki S, Tanaka K, Ohfuji S, Hirota Y. Maternal fat con-
sumption during pregnancy and risk of wheeze and eczema in Japanese
infants aged 16-24 months: the Osaka Maternal and Child Health
Study. Thorax 2009;64:815-21.

17. Jedrychowski W, Perera F, Maugeri U, Mrozek-Budzyn D, Miller RL, Flak
E, Mroz E, Jacek R, Spengler JD. Effects of prenatal and perinatal expo-
sure to fine air pollutants and maternal fish consumption on the occurrence
of infantile eczema. Int Arch Allergy Immunol 2011;155:275-81.

18. Miyake Y, Tanaka K, Okubo H, Sasaki S, Arakawa M. Maternal fat
intake during pregnancy and wheeze and eczema in Japanese infants:
the Kyushu Okinawa Maternal and Child Health Study. Ann Epidemiol
2013;23:674-80.



16 of 16

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

33.

34.

35.

36.

Leermakers ET, Sonnenschein-van der Voort AM, Heppe DH, de Jongste
JC, Moll HA, Franco OH, Hofman A, Jaddoe VW, Duijts L. Maternal fish
consumption during pregnancy and risks of wheezing and eczema in
childhood: the Generation R Study. Eur J Clin Nutr 2013;67:353-9.
Maslova E, Strgm M, Oken E, Campos H, Lange C, Gold D, Olsen SF.
Fish intake during pregnancy and the risk of child asthma and allergic
rhinitis—longitudinal evidence from the Danish National Birth Cohort.
Br J Nutr 2013;110:1313-25.

Sausenthaler S, Koletzko S, Schaaf B, Lehmann I, Borte M, Herbarth
O, von Berg A, Wichmann HE, Heinrich J, Grp LS. Maternal diet
during pregnancy in relation to eczema and allergic sensitization in the
offspring at 2 y of age. Am J Clin Nutr 2007;85:530-7.

Lumia M, Luukkainen P, Tapanainen H, Kaila M, Erkkola M, Uusitalo
L, Niinisto S, Kenward MG, Ilonen J, Simell O, et al. Dietary fatty acid
composition during pregnancy and the risk of asthma in the offspring.
Pediatr Allergy Immunol 2011;22:827-35.

Nwaru BI, Erkkola M, Lumia M, Kronberg-Kippila C, Ahonen S, Kaila
M, Ilonen J, Simell O, Knip M, Veijola R, et al. Maternal intake of fatty
acids during pregnancy and allergies in the offspring. Br J Nutr 2012;
108:720-32.

Nwaru BI, Erkkola M, Ahonen S, Kaila M, Lumia M, Prasad M,
Haapala AM, Kronberg-Kippila C, Veijola R, Ilonen J, et al. Maternal
diet during lactation and allergic sensitization in the offspring at age of
5. Pediatr Allergy Immunol 2011;22:334-41.

Furuhjelm C, Warstedt K, Fageras M, Falth-Magnusson K, Larsson J,
Fredriksson M, Duchen K. Allergic disease in infants up to 2 years of
age in relation to plasma omega-3 fatty acids and maternal fish oil
supplementation in pregnancy and lactation. Pediatr Allergy Immunol
2011;22:505-14.

Furuhjelm C, Warstedt K, Larsson J, Fredriksson M, Bottcher MF,
Falth-Magnusson K, Duchen K. Fish oil supplementation in pregnancy
and lactation may decrease the risk of infant allergy. Acta Paediatr
2009;98:1461-7.

Noakes PS, Vlachava M, Kremmyda LS, Diaper ND, Miles EA, Er-
lewyn-Lajeunesse M, Williams AP, Godfrey KM, Calder PC. Increased
intake of oily fish in pregnancy: effects on neonatal immune responses
and on clinical outcomes in infants at 6 mo. Am J Clin Nutr 2012;95:
395-404.

Palmer DJ, Sullivan T, Gold MS, Prescott SL, Heddle R, Gibson RA,
Makrides M. Randomized controlled trial of fish oil supplementation in
pregnancy on childhood allergies. Allergy 2013;68:1370-6.

Palmer DJ, Sullivan T, Gold MS, Prescott SL, Heddle R, Gibson RA,
Makrides M. Effect of n-3 long chain polyunsaturated fatty acid sup-
plementation in pregnancy on infants’ allergies in first year of life:
randomised controlled trial. BMJ 2012;344:¢184.

Dunstan JA, Mori TA, Barden A, Beilin LJ, Taylor AL, Holt PG,
Prescott SL. Fish oil supplementation in pregnancy modifies neonatal
allergen-specific immune responses and clinical outcomes in infants at
high risk of atopy: a randomized, controlled trial. J Allergy Clin Im-
munol 2003;112:1178-84.

Olsen SE, Osterdal ML, Salvig JD, Mortensen LM, Rytter D, Secher NJ,
Henriksen TB. Fish oil intake compared with olive oil intake in late
pregnancy and asthma in the offspring: 16 y of registry-based follow-up
from a randomized controlled trial. Am J Clin Nutr 2008;88:167-75.

. Sausenthaler S, Kompauer I, Borte M, Herbarth O, Schaaf B, Berg A,

Zutavern A, Heinrich J, Group LS. Margarine and butter consumption,
eczema and allergic sensitization in children: the LISA birth cohort
study. Pediatr Allergy Immunol 2006;17:85-93.

Wells G, Shea B, O’Connell D, Peterson J, Welch V, Losos M, Tugwell
P. The Newcastle-Ottawa Scale (NOS) for assessing the quality of
nonrandomised studies in meta-analyses. 2000.

Garcia-Larsen V, Luczynska M, Kowalski ML, Voutilainen H, Ahlstrom
M, Haahtela T, Toskala E, Bockelbrink A, Lee HH, Vassilopoulou E, et al.
Use of a common food frequency questionnaire (FFQ) to assess dietary
patterns and their relation to allergy and asthma in Europe: pilot study of
the GA2LEN FFQ. Eur J Clin Nutr 2011;65:750-6.

Schaefer EJ, Augustin JL, Schaefer MM, Rasmussen H, Ordovas JM,
Dallal GE, Dwyer JT. Lack of efficacy of a food-frequency question-
naire in assessing dietary macronutrient intakes in subjects consuming
diets of known composition. Am J Clin Nutr 2000;71:746-51.

Maki KC, Slavin JL, Rains TM, Kris-Etherton PM. Limitations of
observational evidence: implications for evidence-based dietary rec-
ommendations. Adv Nutr 2014;5:7-15.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

54.

55.

56.

57.

58.

BEST ET AL.

Mikkelsen TB, Osler M, Olsen SE. Validity of protein, retinol, folic
acid and n-3 fatty acid intakes estimated from the food-frequency
questionnaire used in the Danish National Birth Cohort. Public Health
Nutr 2006;9:771-8.

Welch AA, Lund E, Amiano P, Dorronsoro M, Brustad M, Kumle M,
Rodriguez M, Lasheras C, Janzon L, Jansson J, et al. Variability of fish
consumption within the 10 European countries participating in the
European Investigation into Cancer and Nutrition (EPIC) study. Public
Health Nutr 2002;5(6b):1273-85.

Higgins JP, Altman DG, Ggtzsche PC, Jiini P, Moher D, Oxman AD,
Savovi¢ J, Schulz KF, Weeks L, Sterne JA. The Cochrane Collabora-
tion’s tool for assessing risk of bias in randomised trials. BMJ 2011;
343:d5928.

Australian Society of Clinical Immunology and Allergy. Skin prick
testing for the diagnosis of allergic disease—a manual for practitioners.
Australian Society of Clinical Immunology and Allergy, Australia;
2013.

Moorthy D, Chung M, Lee J, Yu WW, Lau J, Trikalinos TA. Con-
cordance between the findings of epidemiological studies and ran-
domized trials in nutrition: an empirical evaluation and citation
analysis. Nutritional Research Series, Vol. 6 [Internet]. 2013. [cited
2014 Nov 26]. Available from:

Nickel R, Kulig M, Forster J, Bergmann R, Bauer CP, Lau S, Gug-
genmoos-Holzmann I, Wahn U. Sensitization to hen’s egg at the age of
twelve months is predictive for allergic sensitization to common indoor
and outdoor allergens at the age of three years. J Allergy Clin Immunol
1997;99:613-7.

Tariq SM, Matthews SM, Hakim EA, Arshad SH. Egg allergy in in-
fancy predicts respiratory allergic disease by 4 years of age. Pediatr
Allergy Immunol 2000;11(3):162-7.

Zheng T, Jinho Y, Oh MH, Zhu Z. The atopic march: progression from
atopic dermatitis to allergic rhinitis and asthma. Allergy Asthma Im-
munol Res 2011;3:67-73.

Warner JO, Pohunek P, Marguet C, Clough JB, Roche WR. Progression
from allergic sensitization to asthma. Pediatr Allergy Immunol 2000;
11:12-4.

Trikalinos TA, Moorthy D, Chung M, Yu WW, Lee J, Lichtenstein AH,
Lau J. Concordance of randomized and nonrandomized studies was
unrelated to translational patterns of two nutrient-disease associations.
J Clin Epidemiol 2012;65:16-29.

Byers T. Food frequency dietary assessment: how bad is good enough?
Am J Epidemiol 2001;154:1087-8.

Kristal AR, Peters U, Potter JD. Is it time to abandon the food fre-
quency questionnaire? Cancer Epidemiol Biomarkers Prev 2005;14:
2826-8.

Higgins JP, Green S. Cochrane handbook for systematic reviews of
interventions: Wiley Online Library, 2008.

Gottrand F. Long-chain polyunsaturated fatty acids influence the im-
mune system of infants. J Nutr 2008;138(Suppl):1807S-12S.

Barden AE, Mori TA, Dunstan JA, Taylor AL, Thornton CA, Croft KD,
Beilin LJ, Prescott SL. Fish oil supplementation in pregnancy lowers F-
2-isoprostanes in neonates at high risk of atopy. Free Radic Res 2004;
38:233-9.

Bliimer N, Renz H. Consumption of omega3-fatty acids during peri-
natal life: role in immuno-modulation and allergy prevention. J Perinat
Med 2007;35(Suppl 1):S12-8.

. Denburg JA, Hatfield HM, Cyr MM, Hayes L, Holt PG, Sehmi R. Fish

oil supplementation in pregnancy modifies neonatal progenitors at birth
in infants at risk of atopy. Pediatr Res 2005;57:276-81.

Ponvert C. What’s new in pediatric allergology in 2006-2007? Part 1:
epidemiology, early diagnosis and prevention. Rev Fr Allergol Im-
munol Clin 2007;47:515-34.

Saadeh D, Salameh P, Baldi I, Raherison C. Diet and allergic diseases
among population aged 0 to 18 years: myth or reality? Nutrients 2013;
5:3399-423.

Jenmalm MC, Duchén K. Timing of allergy-preventive and immu-
nomodulatory dietary interventions—are prenatal, perinatal or
postnatal strategies optimal? Clin Exp Allergy 2013;43:273-8.

De Giuseppe R, Roggi C, Cena H. n-3 LC-PUFA supplementation:
effects on infant and maternal outcomes. Eur J Nutr 2014;53:1147-54.
Duchén K, Yu G, Bjorksten B. Atopic sensitization during the first year
of life in relation to long chain polyunsaturated fatty acid levels in
human milk. Pediatr Res 1998;44:478-84.



